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ABSTRACT 
Roll compaction is a mechanical processing technique implemented in a wide 
range of industries including pharmaceutical, food production, chemical, and mining.  
Due to the large scale and continuous nature of the process, optimization and 
mechanistic understanding is of great importance.  In the past, experimental procedures, 
continuum models, and finite element methods have been applied in order to analyze 
the mechanics of roll compaction, and each study has experienced its own set of 
limitations in regards to its predictive capacity and practical application.  The difficulties 
have primarily included the large number of input parameters and the complex 
behavior of particle interactions at the local level such as friction, cohesion, segregation, 
and deformation.   
A modern technique, Multi-Particle Finite Element Methods (MPFEM), is 
employed to offer new insights into the roll compaction process.  A two-dimensional 
model is developed and used to simulate the mechanical response of individual particles 
during deformation.  The effects of parameters such as friction, feed stress, roll speed, 
density, and velocity fields are observed and investigated at both the macro and 
particulate levels.  Shear banding between the rolls and particle shape behavior are 
investigated and determined to be crucial factors in roll compaction analysis.  The 
implementation of MPFEM is a new sophisticated tool for evaluating roll compaction 
and presents significant insight into an important mechanical process. 
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CHAPTER 1: INTRODUCTION 
1.1 Roll Compaction 
1.1.1 Overview 
Roll compaction is a mechanical processing technique employed in a 
wide range of industries including pharmaceutical, food production, chemical, 
mining, and metallurgy [1].  The basic principle of the system is to deposit fine 
powder between two counter rotating cylinders inducing a compaction of the 
material into a continuous cohesive briquette. 
In most applications, roll compaction is only an intermediate step in the 
production process.  Specific powders are formulated and fed between the rolls 
for compaction where particulate material becomes agglomerated.  The 
compressed product is then pulverized in a mill and sieved.  At this stage, 
granules, or larger particles composed of agglomerated powder, are extracted 
from the refined mixture to be used for capsules or tablet compaction.  The 
advantages of granules over the original powder is that granules restrict 
segregation between the inactive and active ingredients, remain chemically 
stable, and usually have more controllable flow, compaction, and handling 
properties for further processing [2]. 
Because the process does not use liquids to mix and agglomerate powder, 
roll compaction is classified as a dry granulation process.  Dry granulation is 
beneficial because it avoids many of the common pitfalls of liquid chemical 
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processing that exist in wet granulation techniques.  For example, harmful or 
eroding chemical reactions, thermal instability, and residual moisture effects are 
all prevalent issues while granulating in a liquid environment [3].  Dry 
granulation eliminates these risks by avoiding them entirely. 
The mechanics of roll compaction are driven by the boundary conditions 
of the system; counter rotating rolls draw the material through the compactor by 
frictional interaction while an oscillatory stress is applied by means of a screw 
feeder at the entry point.  This arrangement ensures that powder continuously 
transports and compacts between the rolls.  During roll compaction, the material 
behavior becomes very complex.  With a high dependence on contact conditions, 
nonuniform material flow and dynamic variation in hydrostatic and shear 
internal stresses create many nonlinear characteristics of the powder.  This 
situation produces a number of difficulties when attempting to understand and 
optimize the process.  
To describe a material system with dramatic changes in behavior, the 
process can be divided into distinct spatial regions where the variation in 
mechanical mechanisms is not as heterogeneous.  In the case of roll compaction, 
four zones are typically characterized by defining angles along the roll, shown in 
Figure 1.1. 
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Figure 1.1    Schematic of key angles in the roll compaction system 
 
Above the entry angle, the material is in the feeding zone where it is not yet in 
contact with the rolls and is directed solely by the feed stress supplied by the 
screw.  As the powder approaches the rolls, the friction between the particle-roll 
interface promotes motion towards the roll gap.  This region is considered the 
slip zone where particles slip along the roll surface, rearrange, and increase in 
velocity while the internal stresses remain low.  The velocity of the material at 
the roll surface is lower than that of the roll itself.  The powder begins to 
approach the nip zone, or compaction zone, defined by the nip angle where the 
particles stick to the roll surface.  The velocity of these particles move at the same 
velocity as the rolls while the pressure develops greatly across the gap width.  
The increase in stresses creates a region of large densification and irreversible 
deformation until a maximum in pressure and density is reached.  The frictional 
forces then reverse direction at the neutral angle as the material velocity exceeds 
that of the adjacent roll surface.  The pressure is relieved, and the primary 
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tribological condition converts back from sticking to slipping in this extrusion 
zone until the material is finally ejected at the release angle. 
In attempt to study and understand this process, empirical and statistical 
approaches are often undertaken by industry.  Although these methods can be 
effective in optimization and problem solving, they can also be costly, too 
specific, and undiscerning.  Limited information about the macroscale 
mechanical phenomena is given without intricate and expensive measurement 
devices while no understanding of local stress states, deformations, and 
displacements is achieved.  Therefore, other techniques must be explored to 
increase intuition and generalization.  Continuum modeling and numerical 
simulations of the event may be the best methods to introduce the appropriate 
level of accuracy and localization, offering insight into the varying mechanical 
mechanisms of roll compaction.  
1.2 Mechanical Models 
1.2.1 Johanson’s Continuum Model 
In 1965, J. R. Johanson observed various empirical approaches to roll 
compaction design and recognized the necessity for a mathematical framework 
that accounted for the significant number of process parameters [4].  He 
developed a rolling theory that incorporates an isotropic material governed by 
friction, cohesion, and compressibility assumptions.  In addition, the powder is 
restricted to the inherent geometric boundary conditions and the Jenike-Shield 
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effective yield function which provides a flow criterion during plastic shear 
deformation [5].   
The plain strain model separates the underlying mechanics into two 
specific regions of material behavior corresponding to the positional dependent 
wall-particle frictional interaction.  In the first area, above the nip angle, the 
particles are permitted to slip along the roll surface.  This constraint, in 
conjunction with information about the feed pressure, allows for computing the 
pressure distribution from the Jenike-Shield flow criterion.  The required input 
parameters for the friction system include the effective angle of friction and the 
surface friction angle, which can both be experimentally measured. 
The region below the nip angle is analyzed by assuming that no slip 
occurs between the roll surface and the contacting powder.  This condition 
ensures that all material in the nip region is continuously densified until exiting 
at the roll gap.  The pressure distribution is then determined by employing a 
conventional pressure-density relationship for powder compaction, 
 
  
  
 (
  
  
)
 
 (1.1) 
where σa and σb are applied pressures, γa and γb are mass densities corresponding 
to each respective pressure, and K is the material compressibility constant.  
Following this experimental law and the continuity of mass, the pressure at any 
angle θ along the roll in the nip region is given by 
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where α is the nip angle, σα is the pressure at the nip angle, S is the roll gap 
width, and D is the roll diameter. 
One of the most notable benefits of Johanson’s model is its ability to 
theoretically predict the nip angle of a particular material undergoing roll 
compaction.  This result has been experimentally validated and found to be 
generally accurate with some dependence on roll gap width [6].  Johanson 
reasoned that the nip angle could be computed by equating the pressure gradient 
of the slip region with that of the nip region.  This argument is similar to energy 
minimization.  The derivative of the pressure with respect to the rolling direction 
is approximated above the nip angle and calculated below to yield two equations 
equivalent at the intersecting point.  This concept is best observed through 
graphical representation, Figure 1.2. 
 
 
Figure 1.2    Vertical pressure gradient versus angular position in roll bite [4] 
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With the nip angle and pressure distribution of each region known, 
Johanson continued the analysis by studying variation in process parameters.  
The pressure distribution along the roll was integrated, yielding total roll force 
and total roll torque, to provide a list of output variables that were more relevant 
to the practical application of the model.  Some of the parametric studies 
performed include observing the effects of compressibility, internal friction 
angle, wall friction angle, and the ratio of roll gap width to roll diameter on 
outputs such as nip angle, roll force, roll torque, and maximum pressure.  A 
comprehensive discussion of each of Johanson’s parametric investigations can be 
attained in his original paper [4], but a general conclusion is that each material 
property has a significant influence on the necessary mechanical operating 
conditions of roll compaction.  In addition, the nip angle was affected by friction 
and compressibility, but remained relatively unchanged with geometric 
deviations such as increasing roll gap width and roll surface indentation depth.  
The work emphasizes the importance of understanding material behavior when 
considering experimental or commercial design, and it demonstrates an 
explanation why some powders densify in a specific system state while others 
cannot.   
1.2.2 Slab Method 
Another important model that was first developed in 1966 by 
Katashinskii [7] has been referred to as the “slab method” in the literature.  Upon 
creation, it was primarily designed for application in rolling metal powders and 
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has since been adapted to other various material systems including 
pharmaceutical powders.  The primary advantage of the slab method over 
Johanson’s rolling theory is the improved material description, allowing more 
complex yield criteria to be implemented.  
The analysis process includes examining the equilibrium of an 
infinitesimal slab of material moving through the roll compactor, applying a 
constitutive plasticity model, and solving the resultant differential equation with 
appropriate boundary conditions.  Similar to Johanson’s model, the slab method 
introduces the powder as a continuum under plain strain conditions and 
assumes that dynamic and gravitational body forces are negligible.  The forces 
acting on the infinitesimal element are projected onto the direction of rolling in 
order to formulate a one-dimensional equilibrium equation.  Katashinskii writes 
this force balance as 
                      
   
     
   (1.3) 
where the σx is the mean stress in the x direction (rolling direction), hx is the 
distance between rolls, Px is the pressure, tx is the shear force due to contact 
friction, and α is the angle along the roll.  Katashinskii uses Eq. (1.4) to determine 
the pressure distribution in the slip and nip zones, referred to as the “lag zone” 
in his paper, and for the extrusion zone, or “forward slip zone”, he assumes a 
simplified form of the same equation,  
                  (1.4) 
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where μ is the coefficient of friction, R is the radius of the roll, and αx is the angle 
along the roll.  A plasticity criterion is introduced, 
          (1.5) 
where σ1 is the maximum principal stress,  σ3 is the minimum principal stress,  
and KY is a yield stress, to create a relationship between dσx and dPx and can be 
viewed as the major difference between Katashinskii’s original work and later 
slab method models.  Following Katashinskii, the metal powder begins plastic 
deformation at the contact zones where the difference between the maximum 
and minimum principal stresses exceeds an induced yield stress Kx.  In addition, 
this yield strength value is assumed to increase linearly as the material is drawn 
through the rolls in the slip and nip areas so that 
     (  
     
  
) (1.6) 
where K is the final value of the yield strength, hs is the final thickness of the 
strip, and Δh is the total change in thickness.  The final yield strength is reached 
at the neutral angle and is then held constant through the extrusion zone.  
Combining the whole analysis and solving the differential equations, Eq. (1.3) 
and Eq. (1.4), Katashinskii provides analytical expressions for the pressure 
distributions above and below the neutral angle and compares the results to past 
experiments.  The model prediction and experimental data are depicted in Figure 
1.3 for iron powder and correlate closely. 
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Figure 1.3    Pressure distribution of iron powder along roll from (A) Katashinskii’s model and (B) 
experimental data [7] 
 
Since the first presentation of the slab method, efforts were conducted to 
advance the procedure into more complex material systems.  Specifically, the 
pharmaceutical industry maintains interest in the roll compaction of powders, 
and researchers have implemented plasticity laws suitable for this application.  
The Kuhn-Downey yield criterion was proposed for roll compaction by Dec [8], 
and later, a porous plasticity model by Cunningham in Chapter 5 of [9].   
Dec’s approach consisted of separating the evaluation of frictional shear 
stress into a piecewise function dependent on the point at which the yield 
criterion is exceeded.  Initially, the frictional stress is dependent on the coefficient 
of friction and pressure but evolves into the yield function once a limit is 
surpassed.  In addition, the coefficient of friction and Poisson’s ratio are treated 
as functions of density throughout the analysis and are both experimentally 
determined.  With this methodology, a calibrated model was achieved for lignite 
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and sodium chloride and generally agreed with equivalent experiments (see 
Figure 1.4). 
 
 
Figure 1.4    Comparison between computed and recorded pressure distribution in roll nip during 
compaction process [8] 
 
Cunningham also implements a slab analysis to perform parametric 
studies on the effects of input variation on the behavior of microcrystalline 
cellulose, a common pharmaceutical excipient, in roll compaction.  A yield 
function of symmetric elliptical form dependent on pressure is utilized to 
characterize material behavior.  The modeling process begins similar to 
Katashinskii and Dec’s examinations with the equilibrium equation for an 
infinitesimal element of material.  The angular form is given by 
       (             )     (1.7) 
where a is the angle along the roll and the plus and minus signs correspond to 
whether the slab is above or below the neutral angle, respectively.  At this point, 
functional forms of the relative density’s dependence on roll angle are postulated 
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for the slip and nip regions dependent on parameters such as volumetric strain, 
initial relative density, nip angle, and entry angle. The porous plasticity model is 
then applied.  The material behavior is restricted to the yield function, F, 
expressed by 
    (  )    (  )       (1.8) 
where A and B are coefficients dependent on relative density, q is the equivalent 
stress, and p is the hydrostatic pressure.  Then, a plastic flow rule and Coulomb 
friction law are applied.  Cunningham provides two new features in the slab 
model that are not found in Katashinskii or Dec’s work which entail removing 
the implicit incompressibility assumption for stress in the roll depth direction as 
well as offering an analysis of elastic unloading after the strip moves through the 
roll gap.  The resultant differential equations of the analysis were solved 
numerically for the properties of microcrystalline cellulose, and parametric 
studies were executed to observe the effects of processing inputs such as entry 
angle, coefficient of friction, relative density, feed stress, material properties, and 
geometry.  A plot of the pressure distribution along the roll is given in Figure 1.5. 
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Figure 1.5    Pressure profile including elastic unloading [9] 
 
The slab method allows great benefits in affording analytical or resource 
efficient solutions to a complex problem.  With a calibrated model, the 
consequence of variations in process parameters can be relatively quickly 
assessed, and the plasticity functions can also be adapted to different systems 
capturing specific material behavior.  However, some slab analyses require 
calibration variables that are difficult to fully measure and define experimentally.  
Two and three dimensional effects and boundary conditions are also not 
sufficiently accounted for and may greatly influence material behavior; for 
example, the rotation of the screw feed and powder particle flow.  Despite the 
challenges and shortcomings, the continuum models offer excellent insight into 
the complexity of this multi-parametric system.  
1.2.3 The Modified Drucker-Prager Cap Model 
In an attempt to gain further insight into the mechanical behavior of 
powder materials during compaction, other plasticity models have been adopted 
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and determined to be experimentally validated.  Particularly, the Drucker-Prager 
Cap (DPC) model has proven to accurately describe various qualities of 
particulate materials that others cannot.  The DPC model was originally 
developed by Drucker in 1957 as a theory for plastic deformation of soils [10] but 
has been updated and modified for other applications over the last 50 years.  
Sandler and DiMaggio [11, 12] significantly adapted it to geological applications 
in the 1970’s while Weber and Brown [13] modified it further for use in the study 
of metal powders during the 1980’s and 1990’s.  Finally, a modified density 
dependent version has been formulated for pharmaceutical powders and 
developed to be used in engineering applications [8, 9, 14-16].   
The modified DPC model proposes a continuous, compressible, and 
isotropic material constrained to a distinct yield surface in hydrostatic pressure – 
Mises equivalent stress space.  The yield surface can be divided into two major 
individual boundary regions, Figure 1.6.  The first of these boundaries is the 
shear failure line which promotes shear flow as the material plastically deforms 
at low pressure. 
 
 
Figure 1.6    Drucker-Prager Cap model yield surface in the p - q plane [14] 
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This portion of the surface is most simply defined as a linear function in 
equivalent stress (q) - hydrostatic pressure (p) space and is given by 
   (   )          ( )    (1.9) 
where d is considered to represent cohesion and β is the internal angle of friction.  
As the shear failure line begins to be exceeded, the material behavior transitions 
from elastic deformation to irrecoverable shearing.  On the other hand, as the 
stress state approaches the “cap” surface at higher pressures, different particulate 
phenomena control the plastic flow.  The cap is a density dependent yield surface 
that hardens the material as plastic deformation continues.  It is uniquely defined 
for a constant relative density and will translate and scale in stress space as this 
parameter is varied.  The surface is expressed by 
   (   )  √(    )  [
  
    
 
    
]
 
  (        )    (1.10) 
where pa and R are material parameters determining the plastic strain and 
curvature of the cap, and α is a term used to connect the shear failure line and the 
cap surface.  This α value defines a third region on the yield surface which 
ensures a smooth transition for numerical purposes.   The full three dimensional 
yield surface is shown in Figure 1.7 and illustrates the two major boundaries as 
well as the transition zone for increasing relative densities. 
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Figure 1.7    Schematic of a density-dependent Drucker-Prager Cap model for 3D yield surfaces in principal 
stress space (1/4 model) [14] 
 
Finally, a non-associated and associated flow rule is applied to the shearing and 
cap regions, respectively, to describe the plastic strain upon yielding.  The DPC 
model’s overall description of plastic behavior summarizes the major 
macroscopic qualities of powder materials during compaction.  However, the 
unloading process is primarily an elastic, nonlinear event that must be treated 
separately.  The bulk modulus and shear modulus are computed from the 
unloading curves as functions of hydrostatic pressure and equivalent stress.  In 
other implementations of the DPC model, these terms have been held constant 
and may have affected the resulting accuracy upon unloading. 
The practical advantage of developing the DPC model for porous 
materials is that it can be relatively easily calibrated for application in 
compaction processes.  Six major parameters (β, d, pa, pb, R, α) must be quantified 
to fully characterize the yield surface and two elastic parameters, K and G, are 
acquired to define the elastic unloading mechanics. With fairly standard 
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compaction laboratory equipment, a reasonable number of experiments can be 
executed to completely describe the system.  Simple tension, pure shear, 
diametrical compression, and simple compression are all common tests that have 
unique paths in p-q space and eventually reach the shear failure line at different 
points (Figure 1.8) along the curve.    
 
 
Figure 1.8    Schematic representation of a failure locus near the shear stress [17] 
 
Only two of these experiments are required to plot the linear boundary of the 
yield surface and thus calculate the cohesion and internal friction angle values.  
The cap parameters are measured by devising a loading path that will contact the 
cap curve at failure, and this yielding point is used to evaluate R and pa.  With 
these factors known, pb is determined from  
      (       )     (1.11) 
and α is termed a small number between 0.01 and 0.05.  Lastly, K and G are 
computed from a stress-strain unloading curve.  The experiments can then be 
repeated for numerous values of relative density in order to supply a family of 
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yield surfaces showing the full dependency on density.  For further reference on 
the calibration process, the entirety of the methodology is meticulously explained 
in [14]. 
The DPC model retains its generality throughout the derivation and, 
therefore, can be utilized to understand the mechanics in most compaction 
procedures.  This fact allows the material description to not only apply to simple 
die compaction but also problems with more complex boundary conditions such 
as roll compaction.  In addition, the model addresses the behavior in three 
dimensional space, permitting the opportunity to recreate a complete, realistic 
system.  
1.2.4 Finite Element Method 
With the macroscopic accuracy of the DPC model for porous materials, it 
is of importance to apply the technique to numerous systems and observe the 
outcomes.  However, due to the abundance of conditions and relationships, 
numerical computation appears to be the best solution for calculating the output 
parameters. 
The finite element method (FEM) is a numerical technique for 
approximating the mechanics of a system.  A material geometry is mapped into a 
finite number of nodes and elements, and each element is assigned a volume, 
constitutive material behavior, and specific set of boundary conditions.  The 
nodal displacements are approximated to a certain degree dependent on the 
chosen interpolation function, and the deformed state is analyzed.  FEM has 
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grown rapidly over the last decades as computational software and visual 
packages have become simpler and more powerful to use.  The controllable 
degree of accuracy and ability to handle complex geometries and boundary 
conditions also led to the commercial adaptation of FEM.  It has introduced 
many solutions to modern problems that could not have been discovered in 
other ways. 
Because of the excellent advantages of FEM solvers, they have been 
applied to the area of powder compaction as well as many other fields.  The 
procedure allows the usage of the DPC model to assist in the understanding of 
die and roll compaction.  The difficulties in analytically managing the many 
processes that are governed by the yield surface are not present when solved 
numerically.  For example, continuity issues may arise while attempting to use 
piecewise functions for evaluating plastic flow type criteria whereas a computer 
program can maneuver through this dilemma using simple logic statements.  
For die compaction, the flat and curved faced die simulations shown in 
Figure 1.9 were observed through FEM analysis and produced accurate results.  
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Figure 1.9    Finite element model of die compaction using (A) flat-face punches and (B) concave face 
punches [14] 
 
The FEM analysis was capable of predicting the unloading portion of the force – 
displacement plot, and it could capture features of the pre- and post-ejection 
tablet such as nonuniform density distributions and regions of high stress.  In 
addition, a curved geometry was compared and found to match common failure 
forensics observations for pharmaceutical tablets. 
Another success of the DPC model combined with FEM is the ongoing 
analyses of roll compaction.  This task was undergone several times in the last 
decade [2, 8, 9, 18, 19] and has emphasized the vast number of influential process 
variables as well as their significant effects on the system.  Dec et al. formulated 
an FEM approach to roll compaction and showed not only the pressure 
distribution along the roll but also the shear stress distribution [8].  In addition, 
the effects of friction and feed stress were tested in order to observe their 
influence on the stress distributions, and a velocity plot in the rolling direction 
was generated from the data.  These results provide new insights into the 
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material mechanical behavior and flow and yield methods for predicting the nip 
and neutral angles of the system. 
An extension of this work was performed by Cunningham [2, 9] to assist 
in the understanding of process parameter variations for roll compaction design.  
A two dimensional and three dimensional model were based on the modified 
DPC criteria and simulated for numerous values and functions for roll friction, 
entry angle, feed stress, geometry, side seal friction, and inlet velocity.  An 
illustration of the FEM mesh, geometry, and analysis features is displayed in 
Figure 1.10.  
 
 
Figure 1.10    Schematic of finite element mesh for roller compaction with corresponding notation [2] 
 
Cunningham’s work is executed with the explicit integration procedure in 
Abaqus and utilizes adaptive meshing, mass scaling, and symmetry across the 
rolling direction.  Assumptions include plane strain conditions, negligible 
gravitational and inertial effects, rigid rolls, constant feed stress, and Coulomb 
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friction.  The model is implemented for combinations of input parameters and 
stress distributions, maximum pressure and relative density, and velocities are 
observed.  Similar to other models of roll compaction, the pressure profile is 
computed along the roll and shown here in Figure 1.11. 
 
 
Figure 1.11   The roll pressure and roll shear stress versus rolling angle for example simulation [2] 
 
The maximum pressure occurs at the point of zero shear stress, or the neutral 
angle, which lays a few degrees above the centerline of the rolls.  Also, it is 
interesting to note that the shear stress reaches a maximum three times larger 
after the neutral angle compared to that of before it. 
Parametric studies are performed beginning with an analysis of 
powder/wall friction.  The coefficient of friction is tested as different functions of 
pressure, and the maximum relative density and maximum pressure are 
recorded.  The trend reveals a declining maximum density as wall friction is 
decreased.  Likewise, decreasing the entry angle has the same effect.  With a 
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larger entry angle, the powder has a larger range of distance to undergo the 
densification process.  The feed stress also has a crucial relationship with the 
entry angle.  This initial stress mainly acts to predensify the material in the slip 
region before entrance into the compaction zones.  Therefore, a higher feed stress 
will result in a larger maximum pressure between the rolls.  Moreover, a large 
feed stress will require a greater entry angle to achieve the same maximum 
density due to the increased area of contact. 
The constant feed stress is often not maintained in a commercial roller 
compactor due to the oscillatory motion of the screw feed system [20].  Therefore, 
Cunningham employed a three dimensional model with a sinusoidal loading to 
help understand the effects of the screw feed.  It was determined from the 
simulation that this loading function induces a fluctuating density distribution 
within the briquette similar to that seen in experiments.  The maximum roll 
pressure is forced to the center of the strip and decreases as the side seal is 
approached.  This significant variation is not observed under constant feed 
stress.  Another prominent three dimensional effect is the friction due to the side 
seal.  The friction along this boundary does not have a dramatic impact but is 
shown to slightly decrease the pressure and density near the edge of the rolled 
material.  With the combination of the oscillatory feed stress and side seal 
friction, a substantial amount of nonuniformity is introduced across the thickness 
of the briquette. 
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The FEM model serves to offer new insights into the roll compaction 
process that may be very difficult to describe through continuum mechanics.  
The DPC yield surface has proven to be sufficiently accurate in predicting die 
compaction behavior so it is of great benefit that FEM allows its application in 
roll compaction as well.  On the other hand, numerous features of powder 
behavior may never be fully captured by the DPC model.  The calibration 
methods rely on experiments that cannot inherently capture behavior below a 
certain minimum relative density.  This value is determined by the minimum 
relative density required to form a solid specimen for testing, which is a major 
disadvantage relative to discrete modeling methods.  Thus, the determination of 
behavior is dependent on tableting properties rather than the overall powder 
material characteristics.  Furthermore, there are many phenomena occurring at 
the particulate scale that are impractical to include in a macroscopic model such 
as particle shape, particle size distribution, multicomponent mixing and 
segregation, shear banding, defects, stress networks, and effects of coordination 
number.  Complete confidence in the definition, calculation, and calibration of 
DPC input may be questioned for parameters such as friction, cohesion, 
unloading variables, and plastic flow behavior.  Therefore, the representative 
volume of the system may be too large to completely describe the mechanical 
performance. 
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1.2.5 The Discrete Element Method 
As a pioneering effort to acquire understanding of the particulate 
behavior of soils, powders, and other porous materials, the discrete element 
method (DEM) was formulated.  In its simplest form, DEM proposes modeling 
granular media as a finite number of discrete spheres and assumes a spring-like 
interaction between each contact.  This technique was first introduced for 
granular media in the 1970’s [21] and has since expanded in many fashions.  
With advances in computational resources and parallel computing, simulations 
have exceeded well over one million particles in three dimensional analyses.  
This growing number of individual spheres provides increasingly accurate 
approximations to realistic multibody systems. 
The major developments in DEM for granular compaction and flow rely 
heavily on the contact laws, frictional assumptions, and allowable degrees of 
freedom.  Observable macroscopic phenomena in porous media, such as 
plasticity, can be captured by the contact interaction relationships between 
particles, and the assumed yield surfaces in continuum mechanics can be probed 
by investigating various triaxiality states of granular assemblies [22].  DEM 
allows for studying standard powder characterization tests such as compression, 
tension, shearing, and other configurations.  Not only are stress strain curves 
generated from these analyses, but also micromechanical responses relating to 
local density and coordination number are computed. 
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The ability to manage large quantities of particles for modeling granular 
systems renders DEM an appealing technique.  However, with this benefit, local 
particle mechanics must be significantly simplified.  The contact interaction laws 
are thus responsible for describing the deformation, friction, elasticity, plasticity, 
rotation, and other types of behavior, and a single function often struggles to 
handle each aspect or becomes impractically complicated and specific.  A 
persistent challenge for DEM has been accurately predicting experimental 
quantities at high densities.  This condition is highly dependent on updated 
volume and contact area information which are not naturally handled by the 
basic DEM principles.  Although current research is addressing this problem and 
approving upon a solution with new techniques [23], the full behavior of 
particles at high density remains a complicated issue for DEM.  In addition, other 
factors that are not easily described by contact interactions include particle 
rolling, loading history, deformation history, volume dependent properties, and 
coupling between multiple instances of these concerns. 
1.2.6 The Multi-Particle Finite Element Method 
Because of the great benefits of FEM in accurately solving highly 
nonlinear elasto-plastic problems and the advantages of DEM in recording the 
discrete nature of granular media, a new method was proposed, termed Multi-
Particle Finite Element Method (MPFEM), to combine the strengths of each 
procedure.  The mechanical system is discretized into individual deformable 
particles and solved with the finite element procedure.   In the mid 1990’s and 
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early 2000’s, a few initial examples of MPFEM began to appear in the literature 
[24-28] but were applied to dynamic shock problems or resembled unit cell 
methods for compaction with a low particle count.  A full presentation and 
validation of the methodology was comprehensively studied by Procopio and 
Zavaliangos [29, 30] based on an earlier introduction to the work [31].  This 
research is the foundation for the current work and will be briefly discussed. 
Unlike many DEM simulations, MPFEM is primarily restricted to two 
dimensional analyses due to demand for computational resources.  Therefore, 
particles are modeled as deformable circles and meshed with quadrilateral 
continuum elements.  The selection of the mesh is judiciously chosen to 
maximize solution accuracy while minimizing CPU time.  The optimized mesh 
biases each particle surface with 72 of the 132 total elements per particle and is 
illustrated in Figure 1.12. 
 
 
Figure 1.12   Mesh used in MPFEM work [29] 
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The mesh is then evaluated in various packing configurations and compared 
against a very fine mesh comprised of 2700 elements.  The results of this study, 
shown in Figure 1.13, validate the application of the customized mesh. 
 
 
Figure 1.13   Normalized interparticle force (c) as a function of interparticle strain for a simplified 1/4 
cylinder under normal, simple cubic, and hexagonal loading [29] 
 
The MPFEM model is executed using the explicit integration procedure in 
Abaqus, a commercial FEM software.  The explicit procedure is very important 
in the modeling of this problem because of its high nonlinearities and contact 
dynamics.  An implicit solver would not be capable of convergence on such a 
system.  The initial configuration of the particles is a random packing created by 
loosely placing particles inside the boundary region and densifying them 
through applying inward velocities.  A convergence study was performed to test 
the number of particles necessary to relieve the effects of the rigid walls, and it 
was determined an 800 particle system was sufficient considering simulation 
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time restraints.  A particular stress state is created for the material by moving the 
rigid wall boundaries at predefined velocities.  This motion allows different 
triaxialities to be imposed on the particles.  Also, the MPFEM takes advantage of 
mass scaling and a priori defined contact pairs within an optimized range.  Both 
of these techniques dramatically lower total simulation time and do not 
significantly affect output if implemented correctly.  The particle to wall friction 
is held at zero for all tests, and the particle to particle friction is varied.  For 
cohesion, the two extreme limits, no cohesion and perfect cohesion, are studied 
due to FEM software constraints. 
With the model parameters outlined, many simulations were performed 
to compare the method against other models, understand the evolution of 
coordination number, determine macroscopic stresses, and observe particle 
rearrangement, nonaffine motion, and rotation.  In addition, various triaxiality 
states were generated in order to probe the yield surface of the aggregate 
material.  Each of these results displays the usefulness of MPFEM and its 
potential in studying the compaction process.  Other methods cannot fully 
account for some of these features, especially at high densities, so MPFEM offers 
great insight into the behavior of particulate material.    
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CHAPTER 2: MODELING APPROACH AND TECHNIQUES 
2.1 Objectives 
2.1.1 Roll Compaction Model Generation 
With past knowledge of MPFEM techniques available, the present work 
aims to apply this methodology to the roll compaction process.  In order to draw 
conclusions about an upscaled system, the model must be independent of initial 
configuration, properly mass scaled, reach steady state, and retain enough 
particles to remain representative.  These qualities ensure that results are 
meaningful and reflective of the mechanical process.  A validated model will 
promote observing phenomena in roll compaction that are typically too difficult 
to investigate with continuum mechanics or DEM approaches.  Thus, MPFEM 
can offer new insights into the complex process.  This work acts to explore some 
of the advantages of multi particle analysis for roll compaction and lay a 
foundation for future work in the area.   
2.1.2 Parametric Studies 
 After demonstrating an established model, a presentation of the effects of 
variation in input parameters will be provided.  Some process parameters 
include friction, roll velocity, and feed stress.  In addition, comparisons to 
uniaxial die compaction and systems of differing particle shape will be 
demonstrated.  Outputs such as total roll force, total roll moment, velocity fields, 
pressure distributions, nip and neutral angle approximations, and equivalent 
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plastic strain will be used in the study to characterize the mechanical behavior of 
the granular media.  Finally, shear banding and roll compaction steady state will 
be discussed in detail.  MPFEM has many tools to offer and is an excellent 
technique for understanding powder processes.  A goal is to present the data in 
order to influence future experiments and questioning into the underlying 
mechanisms of roll compaction micromechanics.  
2.2 Particle Mesh and Packing 
2.2.1 Particle Mesh 
Because of computational intensiveness, the MPFEM model for roll 
compaction is restricted to a two dimensional analysis, and, therefore, the 
primary particle shape is chosen to be circular.  However, other 2D shapes were 
examined as well.  FEM analysis requires that the material of the system must be 
meshed with nodes and elements.  The nodal displacements are determined by 
the finite element solver and are used to approximate the stresses and strains for 
the entire model.  Given that the majority of mechanical interaction and 
deformation exists at the surface of each particle, it is important that the nodes 
are biased to this end.  The optimized mesh implemented in Procopio’s work [29] 
is determined to be sufficient for the roll compaction analysis as well and is 
recreated here in Figure 2.1. 
32 
 
 
Figure 2.1    MPFEM mesh for circular particles 
 
The mesh includes 169 nodes and 132 elements at which 72 of the elements lie on 
the free surface.  This design acts to maximize contact response and contact 
deformation while maintaining a relatively low element count.  The elements are 
4-nodal, linear, continuum plane strain elements with reduced integration, 
labeled as CPE4R in Abaqus 6.8.2. 
2.2.2 Particle Packing 
The packing of particles is a crucial point of interest in discrete 
simulations such as MPFEM and DEM.  If the initial configuration is too regular, 
crystalline regions can develop and cause polycrystalline phenomena such as slip 
planes that can greatly influence macroscopic behavior.  In addition, packing 
methods, where material is “poured” or directionally biased, can introduce 
unnecessary anisotropy into the system. 
The packing procedure used in this work is not exempt from the above 
difficulties but provides an adequate configuration for this analysis.  The 
methodology initiates by creating a loose packing of rigid circles inside a 
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rectangular box.  Each particle is attempted to be randomly placed at the bottom 
of the box.  If the position is occupied, a new random location is chosen at a 
slightly higher position.  This algorithm is executed until the box is filled with all 
the particles (Figure 2.2-A).  After a loose array of circles is generated, the system 
is packed into the roll compactor through a biased random “velocity” method 
(Figure 2.2-B).  In essence, it is a form of a classical energy minimization 
technique known as simulated annealing [32].  An iterative procedure is defined 
such that at each step, the center of every particle is assigned a new position 
inside a small neighborhood surrounding the current location.  The new position 
is randomly assigned and only biased by the limits of the neighborhood (Figure 
2.2-C).  These limits are determined beforehand by the user and can be adjusted 
throughout the process to promote particle migration in any direction.  This 
method permits particles to “jump over” adjacent counterparts while translating 
downward or can be used to create vertical and horizontal vibrations.  The roll 
geometry and feed walls also constrain the velocity neighborhood and, thus, 
cause the particles to densify into the geometry necessary for finite element 
analysis (Figure 2.2-D). 
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Figure 2.2    Packing procedure steps include (A) loose packing, (B) moving to roll compaction geometry, 
(C) application of biased random velocity, and (D) final densification 
 
In addition to selecting the number of particles, the size distribution is chosen as 
a normal distribution with a specific average and standard deviation.  This 
distribution is formulated by using the Box-Muller transform on a set of pseudo-
random numbers between 0 and 1.  The data is then shifted to match the custom 
selected average and standard deviation.   
2.3 MPFEM Model of Roll Compaction 
2.3.1 Model Setup 
The MPFEM model of roll compaction will be executed in the explicit 
integration procedure of Abaqus, a commercial FEM software.  Because the 
mechanics involve large deformations and complex nonlinear contact, the 
standard implicit solver is unlikely to converge upon a stable solution in a 
practical timeframe.  In addition, analysis tools, such as mass scaling, give the 
explicit method an excellent advantage. 
Through a Python program, the model extracts the particle positions from 
the packing schemes, meshes each rigid circle with the same array of nodes and 
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elements in a random orientation, and writes an input file for Abaqus to execute.  
This method is the basic execution procedure to define the geometry nodal 
positions of the system.  In addition, all the material parameters, interactions, 
and analysis tools are expressed through the input file.   
2.3.2 Standard System 
Various computational experimentation, trials, and theoretical work have 
led to the creation of a standard model.  This model is not an ideal system to 
study roll compaction, but it is a tested system that is known to compact well 
and reveal representative information comparable to experiments and other 
models.  Due to the vast number of input processing parameters and the two 
dimensional nature of the MPFEM simulation, properties are difficult to choose 
in relation to each other.  Every property has a dramatic effect on the compaction 
process as a whole and often couples its behavior with other parameters. 
The entire MPFEM model can be nondimensionalized, and thus the 
absolute value of each particle property is not of particular importance.  The ratio 
of elastic modulus to yield strength is one of the more applicable terms, 
considering it can scale with forces and torques.  However, that being said, the 
absolute values of particle properties are based loosely on some experimental 
values for microcrystalline cellulose, a common pharmaceutical excipient.  The 
powder is assumed to act as an elastic, perfectly plastic material.  Extracting 
experimental values from El-Sakhawy’s work, the particle size distribution is 
estimated as a normal distribution with an average radius of 5 μm and a 0.5 μm 
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standard deviation [33].  In addition, the yield strength is observed to be 5 MPa 
and density, 1250 kg/m3.  It is now assumed that the Poisson’s ratio is 0.3 and 
that the ratio of the elastic modulus to the yield stress is 100 to 1, constraining the 
elastic modulus to a value of 0.5 GPa.  It is worth briefly noting that the choice of 
density and particle radius do not greatly influence the MPFEM model.  In terms 
of density, the model is dramatically mass scaled by orders of magnitude; 
therefore, the initial density is assumed to be adjusted to 1000 kg/cm3 for 
convenience.  The particle radius will be scaled to fit the geometry of the system.  
If the particle remained its “actual” size in the simulation, millions of particles 
would be required to fill the roll compactor.  A summary of the model material 
properties are listed in Table 2.1. 
 
Table 2.1    List of material properties for the standard model particle 
Standard Model Particle Parameters 
Radius Average 5 μm 
Radius Standard Deviation 0.5 μm 
Yield Strength 5 MPa 
Elastic Modulus 0.5 GPa 
Poisson’s Ratio 0.3 
Density 1000 kg/m3 
 
 
The geometric and loading constraints of the standard model are 
primarily based on Cunningham’s work [2] but deviate where necessary. The 
dimensions for the roll compactor include a roll radius of 100 mm, entry angle of 
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20°, and roll gap width of 1.2 mm.   These values were relaxed to allow more 
particles into the system and easier compaction in two dimensional space.  The 
roll radius was set to 25 mm while the roll gap width was increased to 2 mm.  
The important quantity described here is the ratio between the roll gap width 
and roll radius, named the dimensionless roll gap by Johanson [4], and it was 
adjusted from Cunningham’s 0.012 to 0.08.  Table 2.2 lists the two important 
geometric quantities that define the boundaries of the system. 
 
Table 2.2    Standard model geometric parameters 
Model Geometric Parameters 
Dimensionless Roll Gap 0.08 
Entry Angle 20° 
 
 
Loading and dynamic conditions were also obtained or approximated 
from Cunningham’s continuum model.  These parameters include a roll speed of 
4 rpm (0.419 rad/s), a feed stress of 0.04 MPa, and a coefficient of wall friction of 
0.4.  Another important factor added is the particle to particle coefficient of 
friction, which is set at 0.4 as well.  A summary of the loading conditions is given 
in Table 2.3. 
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Table 2.3    Loading conditions for standard model 
Standard Model Loading Parameters 
Feed Stress 0.04 MPa 
Roll Angular Velocity 4 rpm 
Wall/Particle Coefficient of Friction 0.4 
Particle/Particle Coefficient of Friction 0.4 
 
 
The rolls are modeled as analytical rigid surfaces with an angular velocity 
boundary condition of 4 rpm.  The density of the rolls is 8000 kg/m3, and their 
moments of inertia are calculated by assuming solid cylinder geometries.  
Importantly, the feed system is modeled as a constant feed stress on the material.  
This assumption can be conceived as the average stress induced by a screw 
feeder.  Finally, a maximum shear limit is proposed and valued at the yield 
strength of the powder divided by √3.  These features describe the extent of the 
modeling domain. 
These values for the MPFEM roll compaction model present a standard to 
which variations in the model can be accurately compared.  With a base dataset, 
parametric studies are capable of being normalized and examined. 
2.3.3 Definition of Terms 
Many parameters are used to describe the roll compaction system 
including geometric considerations, boundary conditions, analysis terminology, 
and material properties.  The terms are listed and defined to create a consistent 
framework for discussion.  
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The geometric and boundary conditions are best illustrated by the 
schematic in Figure 2.3. 
 
 
Figure 2.3    Schematic of roll compaction system with representative geometry and boundary conditions 
 
The geometry is constrained by three primary variables, namely the roll radius 
rroll, minimum gap width wgap, and roll gap width wentry at the entrance to the rolls.  
The entry height hentry is dependent on these parameters, and either the current 
material angle θ or current material height h can be observed to locate the 
current position of a particular plane of the powder.  In addition, the initial 
boundary conditions consist of a constant feed pressure P applied on a 
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deformable body above the powder and equal and opposite roll angular 
velocities ω.  Rigid rolls and rigid walls are fixed in space, enabling reaction 
forces to develop.  The reactions for the rolls are defined in order to construct 
average reaction component parameters used in the analysis.  Three terms are 
assigned to be 
    
|       |  |        |
 
 (2.1) 
    
|       |  |        |
 
 (2.2) 
and 
    
|       |  |        |
 
 (2.3) 
From this description, Rx is similar to a mean compressive force on the material 
and is an indicator of the pressure experienced by the powder. 
 The system properties must also be defined for later use.  Two friction 
coefficients are used in the simulations, the particle to particle coefficient of 
friction μp and the particle to wall coefficient of friction μw, to control the contact 
behavior of the particles.  The particle diameter dparticle is important because it has 
a direct correlation with the number of particles in the system.  In fact, a more 
significant representation is the ratio of the particle diameter to the gap width, 
   
         
    
 (2.4) 
which essentially acts as a dimensionless particle diameter or can be recognized 
as the inverse of the number of particles spanning the roll gap.  Other particle 
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parameters include the elastic modulus E, Poisson’s ratio ν, yield stress σY, and 
mass density ρ.  
2.4 Modeling Tools 
2.4.1 Primary Practical Challenges 
Roll compaction modeled with MPFEM becomes a highly nonlinear, 
contact problem with large shear and compressive deformation and involves 
many degrees of freedom.  With the present computational technology, this 
effort is most likely not practically possible.  However, a couple standard FEM 
tools and a method for addressing variable contacts render the problem 
approachable under a reasonable timeframe. 
There are three major challenges that significantly increase computation 
time and hinder solution stability.  The first issue pertains to the explicit 
integration procedure in the FEM solver.  In order to ensure a stable solution in 
explicit analysis, a small enough time step must be chosen to guarantee stability.  
The stable time step is a function of the characteristic length scale (smallest 
dimension of all elements) and the dilation wave speed (dependent on density 
and the effective Lame’s constants).  Modeling roll compaction with MPFEM 
requires an extremely small time step.  The second challenge to this analysis is 
managing the tremendous amount of mesh distortion and deformation at the 
contact surfaces.  Without proper oversight, nodes on the edges of deformed 
particles may be pulled from the particle at a stress concentration and cause 
numerical instability.  Lastly, the third issue relates to the selection of contact 
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pairs in the model.  If contact pairs or not chosen prudently, the computation 
time for individual simulations can become quickly impractical.  A suitable 
solution is presented for each of these major roadblocks and expanded in the 
next sections.   
2.4.2 Quasi-Static Analysis 
In the explicit integration procedure for the finite element method, a 
stable time step must be calculated to be sufficiently small as to guarantee that 
the solution does not become unstable.  The condition for a time step, Δt, to 
remain stable is that 
        √
 
 ̂    ̂
 (2.5) 
where Lmin is the characteristic length (smallest dimension of all elements), ρ is 
the mass density, and λ and μ are the effective Lame’s constants [34].  For an 
isotropic, elastic material, the denominator of Eq. (2.5) becomes Young’s 
modulus.  As a rough estimate for the time step of an ideal MPFEM simulation of 
roll compaction, Δt was computed to be on the order of 10-8-10-9.  This analysis 
would require close to one billion increments to execute a one second simulation, 
which is about 3-4 orders of magnitude above Abaqus’s recommendation. 
Fortunately, an analysis tool, termed mass scaling, is a common and 
effective practice for increasing the stable time step under particular conditions.  
The general idea behind mass scaling is that as the mass (or density) in Eq. (2.5) 
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is increased by a factor k, Δt is increased by a factor k1/2.  Therefore, by artificially 
amplifying the mass of the system, the computational cost is reduced.  
Mass scaling is a valuable means of increasing the stable time step but can 
only be applied to quasi-static analyses and some transient dynamic events.  The 
focus here is placed on quasi-static analyses since roll compaction is an excellent 
example of this process.  A quasi-static event is a dynamic event at which the 
material velocities are so low that the resultant inertial forces do not effectively 
influence the primary mechanical behavior of the system.  The roll compaction 
process conforms to this definition because the particle speeds (often on the 
order of mm/s or cm/s) are not comparable to the large amount of total strain 
energy.  When modeling a quasi-static event, mass scaling is acceptable to use 
providing the impact of inertia remains an inconsequential effect on the 
mechanical solution.  The most suitable measurement tool for testing the validity 
of a particular mass scale is to calculate the ratio of kinetic energy to internal 
energy.  Abaqus recommends this ratio be held under about 5-10% [34], but it is 
often best to define 1% as the maximum limit. 
Because of the important reduction in computation time and the fact that 
roll compaction meets the criteria for a quasi-static analysis, mass scaling will be 
employed in the MPFEM model.  A full analysis of the energies involved and the 
effects of increasing density will be discussed further in later sections. 
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2.4.3 Arbitrary Lagrangian-Eulerian Adaptive Meshing 
Large shear deformations and complex contact boundary conditions 
cause roll compaction to produce numerical stability errors at particle surfaces 
from severe mesh distortion.  This issue was commonly recurring in the analysis 
and demanded focus.  One of the simplest and most effective solutions to errors 
from mesh irregularities is the implementation of Arbitrary Lagrangian-Eulerian 
(ALE) adaptive meshing.  This technique is another tool supplied by Abaqus to 
assist in analysis work. 
Typically, FEM is a Lagrangian process, in which the solver follows the 
spatial and temporal evolution of specific nodal points while the elemental 
volume comprised of these nodes remain inside the connecting limits.  In an 
Eulerian analysis, a control volume is identified, and the rate and amount of 
material flow that passes through the boundaries of this volume is recorded and 
examined.  The ALE adaptive meshing strategy combines the two procedures by 
allowing the material to flow through the mesh while the connectivity and 
elements of the mesh lattice remain unchanged.  This method helps relieve heavy 
distortions in the mesh through readjusting nodal positions over the material 
accordingly. 
The actual implementation of ALE adaptive meshing is straightforwardly 
executed in Abaqus.  In its simplest form, the user chooses how many time 
increments elapse before the ALE adaptive meshing is reapplied, adaptive 
meshing frequency, and how many times the sweeping algorithm is performed 
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per each adaptive meshing, adaptive meshing sweeps.  The number of adaptive 
meshing sweeps was determined to be adequate at the minimum (one sweep per 
remeshing), and a brief analysis was undergone to monitor the influence of 
adaptive meshing frequency on CPU time.  An example of general behavior is 
shown in Figure 2.4. 
 
 
Figure 2.4    General dependence of CPU time on frequency of adaptive meshing in MPFEM roll 
compaction 
 
This trend revealed that a frequency of 5-6 increments was not likely to critically 
increase the overall CPU time of the analysis but would, however, provide a 
satisfactory frequency of adaptive meshing.   
2.4.4 Contact Detection and Definition 
Contact mechanics is an important topic in modeling discrete behavior.  
In DEM, assumptions are devised to generate a contact interaction law and it 
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often indirectly governs the particle micromechanics.  On the other hand, a 
technique such as MPFEM handles contact interactions much more naturally.  
Finite volumes, contact areas, and surfaces already exist, and their coordinates 
are known.  The exact clearances and overclosures can be determined at each 
time step, and the amount of overlapping areas is readily available.   
However, a great expense arises from the accurate depiction of surfaces.  
The procedure must track the various deformations and displacements in the 
model and determine the most likely regions of contact.  Contact pairs of 
possible interacting surfaces are defined a priori by the user.  Then, individual 
nodes of the slave surfaces must be checked for contact against that of the master 
at each time step, and if successful, computations must be performed.  With as 
many surfaces as particles, an MPFEM model demands a computationally 
exhausting workload from contact tracking algorithms.  It becomes important to 
wisely select contact pairs.  For example, in Figure 2.5, it is severely unlikely that 
a particle from ‘Zone A’ would ever come in contact with a particle from ‘Zone B’ 
throughout the analysis. 
 
 
Figure 2.5    Two zones in roll compaction that are unlikely to interact throughout the analysis 
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Thus, a more reasonable choice is to define contact pairs between particles whose 
surfaces lie within a certain distance of each other.  Every particle is defined to 
have a contact range measuring several particle radii in length.  The contact 
range develops an annulus around the particle’s surface (Figure 2.6-A), and if a 
portion of another particle’s surface is located in this region, it is defined as a 
potential contact.  With this designation of contact range, a plot is shown in 
Figure 2.6-B to demonstrate the general trend observed between CPU time and 
contact range. 
 
 
Figure 2.6    (A) Contact region defined around each particle and (B) general dependence of CPU time 
(linear axis) on increasing contact range 
 
It is apparent that enlarging the length of the contact range can considerably 
increase the total simulation times for MPFEM roll compaction, and it 
emphasizes the importance of optimizing this parameter. 
In Procopio’s work, the contact range was 6 to 8 particle radii in length 
and predefined at the onset of the simulation [29].  However, this contact pair 
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assignment was designated for die compaction.  In the case of roll compaction, 
the non-uniform flow patterns and intense shearing near the rolls create 
difficulties for the static contact range.  It was found that particles well outside 
the cautiously defined range were capable of shuffling into the region and 
interacting with undefined partners.  Eventually, an impractical expansion of the 
contact range was demanded by the dynamics of the system.   
Because of the necessity for reducing the CPU time of the analysis and the 
flaws in predefining a contact range, an incremental approach to detecting and 
defining contact pairs is implemented for the roll compaction model.  It is 
proposed that a more time efficient means of locating potential contacts between 
particles is achieved by splitting the model into temporal divisions and utilizing 
a small, but variable contact range for each model division.  The basic 
methodology includes submitting the simulation with a small contact range 
(normally 2-3 particle radii), stopping the analysis after a particular time step, 
reading the output database to extract current particle locations, updating the 
contact pairs, restarting the analysis, and then repeating the process until the 
total simulation time has elapsed.  This process is automated through the Python 
scripting framework in Abaqus, and the models are typically broken into 10 – 25 
divisions for efficient analysis.  The procedure is concluded to be effective and 
resourceful and is, therefore, utilized in the MPFEM roll compaction simulations. 
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2.5 Steady State Analysis 
2.5.1 Introduction to Steady State 
Most processing techniques will eventually reach a mechanical (or 
thermal, etc.) state at which the variables of the system become constant with 
respect to time.  For example, feeding a uniform, continuous amount of material 
through a roll press will cause the reaction forces and torques on the rolls to 
become stable after a given elapsed time.  In addition, the product strip thickness 
and density may also become consistent or slightly oscillatory.  It is at the 
moment that the temporal derivatives of the internal variables of the system 
become zero that the system is said to have reached steady state.  Because the 
inputs and outputs remain constant at steady state, it is important to detect the 
onset.  At this point, direct comparisons can be made between other systems in 
steady state, and experiments can be performed.  Quasi-static simulations are 
often terminated once steady state is determined to have been reached because 
new information is unlikely to be observed. 
2.5.2 Transience and Steady State Detection 
Before a steady state condition is achieved, a transient zone is present and 
controls the behavior of the system.  Over time, the transience is smoothed out of 
the process and only spatial relations remain.  Examples of transient regions are 
depicted in Figure 2.7. 
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Figure 2.7    Transient regions moving into steady state over time 
 
One of the goals of this work is to attain steady state conditions for parameters of 
the roll compaction system to justify accurate comparisons between input 
conditions.  A detection of these processes can sometimes be inferred when a plot 
with time converges to a plateau, resembling that of Figure 2.7.  However, 
experimental data has displayed many oscillatory motions occurring during roll 
compaction in the past [20] so a full steady state condition may be difficult to 
achieve or precisely define.  This struggle is especially prevalent when even 
maintaining a simulation for a long period of time in the transient zone is 
computationally exhausting.  In theory, it is impossible to achieve a true steady 
state for an experimental particulate method because the incoming geometry of 
the system constantly varies in time.  This reality is exacerbated with a finite 
system of particles because the statistical difference between configuration 
geometries is increased.  Thus, a steady state analysis must be considered from a 
time averaged viewpoint.   
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CHAPTER 3: RESULTS AND DISCUSSION 
3.1 Convergence and Mass Scaling  
3.1.1 Convergence as a Validation Method 
There are many features of the MPFEM roll compaction model that must 
reach some level of convergence to become most useful.  Model parameters such 
as total roll force, total roll moment, relative density, and strip thickness are 
expected to develop as constants of time during a roll compaction process.  As 
compaction begins, the system enters into a transient state and attempts to reach 
temporal independence.  The onset of steady state must then be characterized as 
a convergent condition with respect to time, where the rates of parametric 
changes meet stable criteria.  For example, the roll compaction system could be 
considered to be in steady state when the total force on the rolls does not vary 
greater than 5% from a past measurement.  Similar criteria could also be mapped 
to a sinusoidal function to determine when steady state oscillations emerge. 
Besides application to steady state analysis, achieving convergence 
becomes important in mass scaling, particle quantity, and mesh optimization.  To 
some extent, Procopio justified the use of this mesh for a system such as roll 
compaction [30].  Testing both of the other aspects of the model is pertinent to 
the solution accuracy but requires demanding amounts of CPU time to properly 
study.  
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3.1.2 Mass Density 
Monitoring the effects of mass density is an important task while 
applying mass scaling techniques.  As discussed earlier, increasing the mass of 
the system by a factor of k will typically increase the stable time step by a factor 
of √k.  However, when the mass is scaled too drastically, inertia effects begin to 
dominate the equilibrium solution.  The appropriately level of optimization is 
judged by the ratio between kinetic and internal energy, and the value is 
recommended to be maintained below 1-10%.   
For this particular study, added caution was practiced while performing 
mass scaling, due to the nonuniform nature of the micromechanics of the system, 
e. g., the substantial differences between the slip, nip, and extrusion zones.  In 
certain regions of the process, rearrangement and rotation are the prevailing 
mechanisms of motion and can be considered inherently kinetic activities.  These 
locations are regions of attention because mass scaling may greatly diverge their 
solution.  Only small deformations occur in these areas, allowing the kinetic 
energy to become a sizable percentage of the internal energy.  A range of 
material mass densities are investigated to determine a suitable value for future 
simulations, and the results are displayed in Figure 3.1.  In the MPFEM roll 
compaction simulation, a large percentage of the trial time demonstrates the 
transient state of the system.  Compaction does not immediately occur until a 
sufficient number of particles progress through the rolls and develop initial 
stresses and resistance networks in response to the boundary conditions.  This 
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temporary stagnation yields relatively high amounts of kinetic energy 
dominating the system.   
 
 
Figure 3.1    The kinetic energy to internal energy ratio for various powder mass densities throughout the 
course of the simulation 
 
However, the kinetic influence is quickly dispersed, even in the transient zone, 
and the ratio is maintained below 1% for the remainder of the analysis.  The 
density of the particles for the standard model is selected to be 1.0x108 kg/m3 
from the results of Figure 3.1.  This specific value efficiently compromises 
between solution accuracy and CPU time minimization.   
The effects of mass scaling density can also be judged on the basis of 
output parameters of the system.  With a proper scaling, performance should be 
generally unchanged as density is decreased.  In Figure 3.2, the average roll 
reaction force is observed in the x direction.  A direct correlation between the roll 
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force and the effect of density is not clear except at the very early stages of the 
simulation where loading first occurs and no compaction exists.  The general 
behavior of the system stays unaffected through various densities while the force 
magnitudes float within the range of error and system noise.  The lack of a clear 
steady state prevents a true convergence analysis, but some features of 
convergence may be observed in the early stages of the simulation.  A convergent 
increase in compressive force is seen for decreasing mass scaling factors in the 
range t < 0.15. 
 
 
Figure 3.2    Average roll reaction force in X with various densities 
 
3.1.3 Particle Count 
The quantity of particles used in the simulation not only steeply 
lengthens CPU time but also demands large amounts of RAM and hard disk 
memory.  Therefore, unnecessary increases in the number of particles must be 
avoided at the aim of practicality.  On the other hand, a true roll compaction 
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process involves millions of particles and must be modeled with a representative 
amount of degrees of freedom.  This issue presents a difficult tradeoff for 
MPFEM and needs to be addressed in some detail. 
A convergence study in particle count is presented by Procopio for multi-
axial die compaction [29], but an equivalent study may be difficult to replicate 
for roll compaction.  In die compaction, the primary source of error in low 
particle quantity systems is the wall effect.  That is, particles near a rigid surface 
will be unable to pack as well as their bulk counterparts, promoting larger 
deformations in these regions and inducing macroscopic rigidity.  To relieve the 
effect, the bulk particle count is increased until the error is adequately 
diminished.  In the case of roll compaction, a wall effect also exists at the rigid 
surfaces.  The most vulnerable area for this phenomenon to obstruct is found at 
the roll gap where the two rigid rolls are nearest.  Here, a sufficient number of 
particles must fill the gap to mitigate the wall effects from both sides. 
A convergence study is presented for the particle count in terms of a 
quantity, referred to as χ, defined as the ratio between the average particle 
diameter and the roll gap width (inverse of the number of particles that can be 
aligned across the gap).  Explicitly, 
   
         
    
 (3.1) 
Decreasing the χ, in essence, forces the particles to shrink relative to the 
geometry of the system.  In order to maintain a roll compaction system with a 
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smaller χ, equivalent geometry, and conserved mass of material, the particle 
quantity must be increased.  Therefore, a strict inverse relationship is fixed 
between the χ and the particle count.   
Analyzing similar systems with different particle sizes and counts, it is 
possible that convergence will occur for a limiting χ.  This investigation is 
performed in Figure 3.3, where the average roll force in the x direction is 
observed.   
 
 
Figure 3.3    Average Rx on rolls for various χ  
 
The curves suggest possible convergence for χ = 0.2 and χ  = 0.142, but it 
is unclear whether either will converge to the other system.  More interesting to 
note is the trend in the transient zone for Rx.  This parameter is an indirect 
measurement of how well the material is compacted; for large Rx, the material is 
pressed between the rolls at a high stress in the x direction.  Therefore, Figure 3.3 
shows that the material is well compacted with a larger χ.  There may be 
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multiple explanations for this result.  Firstly, it could be an outcome of wall 
effects.  Very few particles can align across the roll gap width with the larger χ, 
causing a worst case scenario for avoiding dominant wall effects.  Another 
explanation for weak compaction with small particle diameters is that a stress 
chain development becomes more difficult.  For compaction to occur in a discrete 
analysis such as MPFEM, the load must be transmitted through a network of 
particles to each boundary surface.  For small χ, the chain carrying the forces has 
many degrees of freedom, and thus breaking and rearrangement of the chain 
becomes a more probable event than compaction through the network.  On the 
other hand, it is difficult to avoid compaction through stress chains when there 
are only several particles across the χ.  This scenario is more likely to occur for 
cohesionless particles.  In that sense, higher coefficients of friction might have 
reduced this transient zone, enabling a better depiction of convergence across all 
domains. 
3.2 Parametric Studies 
3.2.1 Feed Stress 
As discussed earlier, the feed system of the MPFEM model consists of a 
constant pressure distributed over a surface boundary above the particles.  This 
simplification is analogous to averaging the pressure applied by a screw feeder 
in a commercial roll compactor.  The effects of the feed stress magnitude is 
explored in most roll compaction models and is directly related to the pressures 
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experienced by the resultant rolled material.  A similar analysis is shown in  
Figure 3.4 using the MPFEM model.  
 
 
Figure 3.4    Average roll reaction forces and moments for various feed pressures  
 
The feed pressure is a crucial part of the rolling compaction process.  The 
compactor supplies a mechanical advantage, proportional to the feed stress and 
dependent on other factors such as material properties.  If the supplied force is 
not large enough, the material cannot be rolled.  This situation is the case for P = 
5.0x104 MPa and, consequently, the simulation was unable to complete (Figure 
3.4).  The effect of variation in feed pressure magnitude is illustrated through the 
plots of Figure 3.5. 
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Figure 3.5    (A) Roll force reaction ratio from P = 0.04 MPa and P = 0.03 MPa and (B) Normalized roll 
reaction force at different feed pressures 
 
The ratios between the reaction forces of two separate studies of feed pressure 
show that the quotient remains relatively unchanged.  Furthermore, the average 
ratio calculated to be approximately 1.48, which is near the ratio of the feed 
pressures themselves.  Johanson’s model demonstrated the proportionality 
existing between feed pressure and induced roll pressure [4], which is analogous 
to this dataset.  When the reaction force is normalized by the feed pressure 
(Figure 3.5-B), very little variation is observed between the two systems.  The 
feed stress also greatly controls the predensification process.  When larger 
pressures were attempted, particles were plastically deformed upon entrance 
into the nip zone.  
3.2.2 Roll Speed 
The roll angular velocity is an important processing parameter that can be 
set by a roll compactor user.  In the standard MPFEM model, the value of 4 rpm 
was selected to implement in the simulations based on past experiments and 
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models.  The effect of doubling the angular velocity is analyzed by running a 
simulation at half the total time, but double the roll speed.  Due to the quasi-
static nature of the system, varying a dynamic parameter should not significantly 
hinder the equilibrium solution.  This consistency is observed in  
 
Figure 3.6    Effect of doubling roll angular velocity on averaged (A) reaction forces and (B) moments 
 
Doubling the angular velocity of the rolls produces a fairly equivalent response 
from the system compared to the initial state.  The largest variation arises at the 
early stages of compaction where the kinetic energy is dominant.  This outcome 
is expected and confirms the quasi-static assumption. 
3.2.3 Friction 
The frictional interactions between particles and boundaries are 
macroscopically modeled through various assumptions and experimental 
calibration.  In MPFEM, friction is handled naturally as a micromechanical 
contact criterion at each particle’s surface and may give a more accurate 
depiction of tribological behavior.  Two major sources of friction are present in a 
roll compaction system, which include particle to particle friction initiated at the 
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interfacial boundaries of particle contacts and particle to wall friction occurring 
between the roll and particle surfaces.  A study of the limitations of the two 
coefficients of friction reveals that each is a necessary parameter for successful 
compaction.  When the either wall or particle coefficients of friction become too 
large, the particles are unable to rearrange and expand to the spatial freedoms of 
the system.  This restriction leads to a jamming of the simulator roll press or 
overcompaction, extreme densification, of the material.  However, with very low 
coefficients of friction, the powder is capable of avoiding significant compaction 
by readjusting and flowing through the system.  An illustration of the 
compaction zone in a frictional space is presented in Figure 3.7.  A full probing 
validation of the boundary regions was not performed; the graphical lines are for 
conceptual purposes.  In addition, the compaction region is able to mutate for 
various mechanical and geometrical states of the system. 
 
 
Figure 3.7    General boundaries of the coefficients of friction determine whether a material can compact 
through a specific roll press 
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The five points shown in Figure 3.7 correspond to performed simulations 
at variable tribological conditions in the compaction zone.  Friction generally 
assists the compaction of particles by hampering range of motion and forcing 
flow in a steady manner.  In addition, large frictional forces can cause substantial 
local shear deformations.  The results in Figure 3.8 reflect this general friction 
analysis and emphasize the importance of understanding the role of friction 
during roll compaction.  
 
 
Figure 3.8    Average roll reaction force for various combinations of wall/particle and particle/particle 
coefficients of friction 
 
3.3 Shear Bands 
3.3.1 Shear Banding 
Shear bands are zones of dramatic shear deformation that primarily 
develop in ductile and porous materials, which permit plastic flow before final 
failure.  Certain loading and boundary conditions are required for this type of 
behavior to guarantee that enough freedom of motion is available to displace the 
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mass.  A classic case of shear banding occurs when a cylindrical material, 
unbounded in the radial direction, is subjected to pure compression.  The shear 
deformation will cause angular plastic flow, breaking the material into “bands”.  
Studies have been performed to show the development of shear bands in 
granular media [35], Figure 3.9. 
 
 
Figure 3.9    Depiction of shear bands from DEM simulations of granular media [35] 
 
This same phenomenon can be seen at the micromechanical level of 
powder roll compaction.  As particles are drawn through the rolls, the geometric 
constraints promote velocity vectors to develop at an angle relative to the rolling 
direction.  Thus, a particle band shears across a layer of another band until the 
deformation is interrupted.  This flow pattern occurs numerous times over the 
course of the roll radius and causes a nonuniform distribution of velocities.  The 
velocity field perpendicular to the rolling direction is shown in Figure 3.10 for a 
particular time increment at standard conditions and χ = 0.1 (1600 particles) 
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Figure 3.10   Velocity distribution in x direction depicting multiple shear bands forming with χ = 0.1 (1600 
particles) 
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3.3.2 Deviation from Base Velocity Field 
Another procedure for illustrating the evolution of shear bands is to 
subtract a base velocity field from the particles’ motion.  This method entails 
extracting the coordinates and velocity components from each particle and 
comparing it to an assumed regular flow.  It is analogous to a nonaffine motion 
analysis for die compaction.  However, the affine motion is not as easily obtained 
from the boundary conditions in roll compaction, and thus assumptions must be 
developed.  The velocity field in Figure 3.11-A is derived from an MPFEM roll 
compaction simulation while the velocity field in Figure 3.11-B is based on 
assumed motion through the geometry.   
 
 
Figure 3.11   (A) Actual particle coordinates and velocities from simulation compared to (B) assumed 
velocity field for χ = 0.2 (400 particles) 
 
The base velocity is restrained and calibrated to the input and output 
velocity of the actual system and interpolates the remaining field linearly 
through either direction.  As the velocities approach the rolls, the motion is 
assumed to become tangent to the boundary.  The linearity assumption is a 
simple approach to building a comparison field and is not far from reality.  
Measured flows across the x and y directions in previous simulations have 
66 
 
shown that the velocity components vary approximately in this manner.  The 
base field can now be subtracted from the actual field, demonstrating the 
deviation from the assumed motion, Figure 3.12. 
 
 
Figure 3.12   Deviation from base velocity field showing indication of shear bands for χ = 0.2 (400 
particles) 
 
The deviation field depicts a zigzagged flow through the geometry, indicating 
the existence of shear bands on each side of the interface.  The temporal 
evolution of shear bands is fairly sporadic and can be visualized through an 
animation of the deviation field or a series of images shown in Figure 3.13.  The 
shear bands can reverse directions and move throughout the length of the rolls 
during compaction. 
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Figure 3.13   Series of time step images indicating the temporal evolution of shear bands 
 
3.3.3 Gradient Field 
The deviation field reveals the irregular motion of particles advancing 
through the roll gap and implies the existence of plastic shear bands.  The 
boundaries of these bands can be highlighted further by recognizing the large 
change in velocity across these borders.  Therefore, observing a spatial gradient 
of the velocity field enhances this feature.  The gradient field implemented in this 
work is not a true spatial gradient but will be defined as the sum of the change in 
each particle’s velocity component normalized by the total distance between 
particles.  Essentially, the gradient is given a magnitude and orientation for each 
pair of particles, i and j, where the vector is expressed by 
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(3.2) 
where vix and vjx are the x-components of the velocities for particles i and j, and viy 
and vjy are the y-components of the velocities for particles i and j.  This definition 
takes a number of particles N in a discrete field and computes N2 gradient points.  
The total amount of calculations is reduced to much less than N2 by choosing to 
only determine the velocity gradient for particle pairs that are near each other.  
The gradient field is plotted in Figure 3.14. 
 
 
Figure 3.14   Gradient of velocity field for a particular time step for χ = 0.2 (400 particles) 
 
The boundaries of the shear bands are significantly emphasized in this type of 
illustration, and the existence of bands is even observed within the nip region.  
This analysis demonstrates a very asymmetrical behavior that emerges naturally 
in a powder material undergoing roll compaction.  The acknowledgment of this 
motion raises attention to velocity assumptions when modeling a roll 
compaction system.  Planes of the material not only no longer remain plane but 
also lose symmetry as they pass between the rolls.  
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3.4 Particle Shape 
3.4.1 Shape Classification 
Particle shape controls many aspects of the local mechanical properties of 
the system including relative density, packing, anisotropy, contact area, particle 
rotation, and particle velocity.  A unique benefit of MPFEM is the ability to 
naturally account for changes in particle morphology, the only requirement 
being an initial mesh transformation.  To explore the implications of 
morphological variation, three shapes are generated and simulated at equivalent 
conditions.  The surface-biased mesh fashioned for the circle is mapped onto an 
ellipse (aspect ratio = 2) and a hexagon for simplicity, shown in Figure 3.15. 
 
 
Figure 3.15   Particle meshes for (A) circle, (B) ellipse with aspect ratio of 2, and (C) hexagon 
 
These three shapes are chosen to exemplify near extremes in morphological 
behavior based on the particle shape classifications of Cho et al. [36].  In that 
work, shape was primarily described in terms of sphericity and roundness.  The 
70 
 
graphical table in Figure 3.16 illustrates examples of particles with an 
encompassing range of sphericity and roundness values. 
 
 
Figure 3.16   Particle shape determination - sphericity and roundness chart [36] 
 
Sphericity is quantified as the ratio between the radius of the largest possible 
inscribed sphere (or circle in 2D) and the radius of the smallest circumscribed 
sphere.  Roundness is the ratio between the average radii of spheres needed to 
define the surface and the radius of the maximum inscribed sphere.  A circle 
yields a maximum value of 1.0 for both qualifications while a hexagon and 
ellipse are classified as low or mid ranged shapes in terms of sphericity and 
roundness, respectively.  The distinctions between these morphologies offer a 
glimpse into the general behavior of any particle shape factor. 
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3.4.2 Shape Effects 
The circle, ellipse, and hexagon are tested under the standard conditions 
introduced earlier, and each shape’s area is adjusted to preserve the total mass of 
the system.  The size distribution is also maintained.  Many characteristics of the 
morphological effect can be immediately seen in the typical roll reaction force 
curves, Figure 3.17. 
 
 
Figure 3.17   Average roll reaction force in X direction for various particle shapes 
 
The compressive force develops at different rates according to the particle 
shapes’ influence.  For the case of hexagons, mechanical interlocking emerges 
very quickly, restricting rearrangement and assisting material directly through 
the roll gap with minimal deviation.  This immediate compression constrains 
local rotation and displacement even further until the roll compactor “jams” and 
the simulation fails.  The ellipses behave in a contrary manner; rotation and 
displacement are promoted as the particles progress through the rolls.  An 
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explanation for this difference depends on the dramatic change in anisotropy of 
the system, from an initial packing oriented perpendicular to the rolling direction 
to a rotated arrangement oriented along the rolling direction.  The large 
movements mitigate the compaction process by diverting energy towards 
inducing local motions.  
A closer analysis of the ellipse simulations reveals the prominent 
variation in particle orientation arising at the entry angle.  Estimations of the 
deformed and undeformed ellipse orientations are computed and illustrated as a 
discrete field in Figure 3.18. 
 
 
Figure 3.18   Orientation field for a system of ellipse particles during roll compaction 
 
Initial particle packing methods lead to highly anisotropic systems when 
applying shapes with large aspect ratios.  Avoiding this issue is often difficult 
and requires more sophisticated packing schemes that may not eventually reflect 
reality.  The emergence of anisotropy above the rolls in Figure 3.18 is a probable 
scenario and influences the compaction behavior.  As the material approaches 
the roll, rotation occurs very quickly at the roll surface to orient the particles 
tangentially.  This action introduces free volume in the slip and nip regions that 
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is mostly easily occupied by rigid rotations of adjacent particles.  A quantification 
of each ellipse’s orientation is calculated by determining the angle between the 
major axis and the x direction.  Averaging this orientation angle over the rolling 
direction at the discrete locations yields a detection of the change in anisotropy, 
Figure 3.19. 
 
 
Figure 3.19   Orientation angle of ellipses through rolling direction 
 
Before entering the rolls, the average orientation angle of the particles is 
approximately 20°.  This value greatly increases through the compaction process 
and remains at about 60° after exiting the rolls.  The behavior is a product of the 
geometric boundary conditions, which opens regions of free volume and 
activates local degrees of freedom. 
With a large shift in anisotropy, other parameters such as porosity 
become affected.  Relative density is not easily managed in two dimensional 
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space so an analysis of bulk density, or area density, is implemented to observe 
variation in porosity.  The initial densities after packing for the circle, hexagon, 
and ellipse are about 80%, 82%, and 84%, respectively, and are recognized as 
large percentages compared to experiments due to the two dimensional nature of 
the packing.  The application of the feed pressure marginally increases these 
values before the material contacts the rolls.  For ellipses, the alteration in particle 
orientation results in a substantial drop in bulk density near the slip region 
where rearrangement and rotation is at a maximum.  The full profile of bulk 
density along the rolling direction is displayed in Figure 3.20. 
 
 
Figure 3.20   Bulk density profile along rolling direction for ellipse-shaped particles 
 
For circles and hexagons, the response does not decrease to the same degree as 
that of the ellipses in the slip zone.  The difference can be again attributed to the 
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large rotation of particles in this region.  The other two shapes show similar 
behavior, and both develop a slight reduction in bulk density around the entry 
point.  However, the drop may have more likely arisen naturally from random 
packing in these cases, Figure 3.21. 
 
 
Figure 3.21   Bulk density profile along rolling direction for various shapes 
 
These studies of particle morphology demonstrate the caution required 
when modeling a roll compaction process with discrete spheres or with 
continuous media.  Even by observing only two possible shapes, irregular 
behavior is seen in the form of jamming, pressure variation, and bulk density 
abnormalities.  In reality, particles exist at much more extreme geometries, e.g., 
very rough, asymmetrical surfaces and large aspect ratios.  Particle size 
distributions can also couple with these effects.  Shapes with low roundness 
create situations of mechanical interlocking and high friction that lead to large 
increases in compaction.  The hexagons and circles were simulated at equivalent 
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conditions yet the hexagons compressed much quicker and ultimately jammed 
the system while the circles regularly progressed through the rolls.  In addition, 
contact area is influenced by particle geometry.  Ellipses avoid excessive contact 
with neighbors in the slip zone through rotation and rearrangement, and circles 
move in shear bands destroying interactions with adjacent particles.  These 
motions can motivate poor cohesion and binding capabilities in the material and 
diminish properties of the resultant product.  On the other hand, rough surfaces 
that promote interlocking, those of the hexagons, may provide the opposite 
effect.  With its influential role in altering macro and micro scale mechanical 
behavior, particle shape must be considered a significant parameter in a roll 
compaction system, requiring careful examination during analysis. 
3.5 Steady State 
3.5.1 Challenges in Achieving Steady State 
 When studying roll compaction, it is important to attain a steady state in 
order to justify meaningful comparisons across instances of variation in the 
operating conditions.  An open question remaining throughout the MPFEM 
analysis deals with deciding whether steady state was achieved.  The 
appropriate method of determination must show the time independence of the 
parameters of the system.  However, enough natural variation may exist to 
conceal certain features of the steady state.  Particular responses of the 
mechanics, such as force measurements, contain oscillatory signals with no 
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apparent inherent frequency.  This same behavior is seen in the DEM 
simulations, shown in Figure 3.22, where sporadic 20-40% oscillations develop. 
 
 
Figure 3.22   Time variation of pressure at the point of maximum mean pressure on the roll surface [37] 
 
Furthermore, raw data from experiments shows sensor noise with similar levels 
of deviation and creates complications for attempts to control the output 
properties.  Observing the average force in the MPFEM simulations may not 
serve as the best and only means of determining a steady state condition.  The 
pressures experienced on the roll surfaces are subject to fluctuations emerging 
from numerous factors including the discrete nature of the system, deviatory 
velocity effects such as shear bands, numerical noise, packing biases, particle 
rotation and shape influences.   
Thus, a better depiction of steady state may be found by analyzing other 
global parameters such as the velocities of the feed and plug along the roll 
direction.  The velocities are evaluated under the standard conditions, and 
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another simulation is executed with a different configuration and permitted to 
run for longer total time.  The results are grouped in Figure 3.23  and reveal a 
smoother representation of steady state realization. 
 
 
Figure 3.23   Velocity of feed and plug material over time for two configurations under standard 
conditions 
 
This plot resembles a more classical time independence diagram at which 
transient zones converge to the same stable value.  The study of the input (feed) 
and output (plug) velocities may be the best verification of the achievement of 
some steady state even when variation still exists in the internal system 
parameters.  Once constant values are reached for external boundary motions, 
other natural oscillatory parameters, such as average roll pressure, can be time 
averaged over the stable domain.   
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CHAPTER 4: CONCLUSIONS AND FUTURE WORK 
4.1 Conclusions 
4.1.1 Summary 
The application of MPFEM to the roll compaction process is presented in 
order to advance the understanding of the mechanics and micromechanics of the 
system, address the challenges of the methodology, and express the powerful 
and unique capabilities of the modeling technique.   
Substantial attention is placed upon identifying the primary difficulties 
that limit practical implementation.  This effort emphasizes mass scaling, ALE 
adaptive meshing, and contact optimization as the major tools assisting a 
successful MPFEM roll compaction model.  In the end, relatively large particle 
systems are capable of being simulated in an admissible time frame and allow a 
sufficient description of the mechanics. 
With an effective model, the many governing operating parameters are 
varied and analyzed to understand their impact on the overall process.  
Convergence in terms of mass density is an important step in validating the 
model while convergence in gap ratio opens questions to the importance of the 
wall effect and stress chain stability preservation.   Parametric studies are 
undergone for feed stress, roll speed, and friction.  Moderate changes in roll 
speed are expected and determined to not prominently increase or decrease the 
output of the system.  This result is an outcome of the quasi-static nature of the 
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problem.  On the other hand, increasing feed pressure and coefficients of friction 
is shown to build compaction pressure between the rolls.  In the case of friction, 
the chosen conditions determine the occurrence of overcompaction and jamming 
(large friction) or undercompaction and particle flow (low friction).  These 
extremes isolate a region in a frictional space that corresponds to adequate 
conditions for compaction.  An analogous situation arises for feed pressure in 
which roll compactor failures such as overcompaction or undercompaction can 
develop if the pressure magnitude lies outside an acceptable range. 
    Further analysis depicts local mechanical responses of the system.  
Shear bands are observed through analyzing velocity, deviation, and gradient 
fields.  These bands create asymmetrical motions across the roll gap and 
ultimately cause inconsistent variation inside the system.  The irregular nature of 
the shear bands is a major candidate for the infrequent oscillations in the roll 
reaction forces and moments and may cause similar problems in experimental 
work.  In addition, the effects of particle shape are investigated by comparing 
ellipse and hexagon simulations to the standard circle model.  The role of 
morphology is found to control numerous aspects of the roll compaction 
mechanics.  The hexagons interlocked and jammed the roll compactor while the 
ellipses drastically rotated in the slip zone and created a decreased density 
region between the entry and nip zone.  Each of the particle shapes demonstrated 
unique behavior that can only be captured through a morphological analysis.   
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The local micromechanical investigations are instances of advantages 
achieved by performing an MPFEM simulation.  For example, prediction of bulk 
density decreases due to local orientation variation cannot currently be explored 
by other modeling techniques.  In addition, plasticity laws and discrete contact 
laws handling large deformation are not required.  MPFEM controls many 
mechanical processes naturally and is, therefore, able to avoid assumptions and 
restricting conditions.   
4.2 Future Work 
4.2.1 Future Work 
Roll compaction is a complex process influenced by a large variety and 
number of operating conditions.  The application of MPFEM to this process is a 
modern approach with no prior historical precedence.  Therefore, the 
presentation in this work can only offer a foundation and necessitates a full 
comprehensive study to explore the complete potential of the technique and to 
investigate all aspects of the problem.  This analysis can only be achieved over 
time and with the diligence of numerous researchers.  Recommendations are 
given in the following sections to suggest desirable areas of advancement.  The 
future work is divided into two primary sections, i.e., modeling techniques and 
model extensions. 
4.2.2 Improvements in Modeling Techniques 
As emphasized in earlier discussions, the key factor hindering MPFEM’s 
predictive capacity is the computational intensiveness.  A number of methods 
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were proposed to reduce the amount of required computational resources.  
However, there are many enhancements that could significantly decrease 
simulation time and promote solution accuracy.   
An improved contact detection system could be developed to adaptively 
respond to missed contacts.  This system would minimize the contact range 
defined a priori, and it would determine if a contact was missed after a certain 
number of time steps.  If a contact was lost, the simulation would recognize it, 
define the new contact pair, and restart the analysis at the previous mark.  This 
adaptive technique would minimize the number of contact pairs needed to be 
checked during the analysis.  Another possible method for simulation time 
reduction would involve the elimination of elements.  Wasted calculations are 
performed on particles rearranging above the roll entry and flowing after the roll 
exit.  The exiting particles should instead be transferred back to the top of the 
feed zone.  A suggestion for accomplishing this task would involve using more 
than one feed bar at the top of the feed.  Instead, particles could be placed into 
bins, and as the lower bar approaches the roll, it is removed and reinstated at the 
top of the feed with new particles underneath.  This strategy would require thin 
bars to deliver the feed pressure to the rolls in order to minimize oscillations.  
Adaptive mass scaling approaches may also greatly benefit the practicality of 
MPFEM.  Employing mass scaling is the major reason why one of these 
simulations is able to be implemented in a reasonable time frame.  If the mass 
scaling was focused and optimized to regions needing the scaling while leaving 
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other elements unchanged, the solution will become more accurate and not 
require as much time.  For example, smaller elements naturally possess smaller 
characteristic lengths.  These lengths restrict the stable time step more than their 
larger counterparts and should therefore be mass scaled accordingly. 
Meshing techniques can also be improved to assist solution accuracy.  As 
particles progress through the rolls, the compaction pressure forces their shapes 
into become increasingly anisotropic.  The mesh needs to adapt to this scenario.  
A mesh solution for a deformed particle between the rolls could be mapped to 
the same particle with a new “clean” anisotropic mesh.  This process would 
relieve highly deformed elements while preparing the particle for further 
deformation in an oriented manner.  Furthermore, ALE adaptive meshing should 
be scrutinized and optimized to reduce computation time and memory usage. 
4.2.3 Model Extensions 
The MPFEM roll compaction model can be extended in many ways to 
include new features or to more thoroughly address a particular aspect.  There 
are numerous parametric studies that can be performed to understand other 
specific mechanical responses. 
Some parametric studies for future simulations should consider 
dimensionless roll gap, particle size distributions, initial configuration (order and 
disorder in arrangement), and ratio of elastic modulus to yield strength.  Each of 
the studies presented in this work could also be deeply investigated.  Larger 
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ranges of frictional coefficients and particle shapes can be explored to represent a 
full depiction of each behavior. 
Extensions could also be appended to the current model to observe a 
more realistic system.  For example, a floating roll is typically implemented in 
industry where one roll is unconstrained in the x direction, allowing the roll gap 
to adapt and continuously supply a constant pressure.  Rolls have indentations 
tooled into their surfaces to improve grip.  This geometric effect can be modeled 
in MPFEM by varying the connectivity of the rigid roll surface.  MPFEM could be 
used to analyze mixtures of particles with various properties or sizes, which is 
another geometric and definition modification to the system.  The constitutive 
model of the particle behavior itself could be modified; particles are porous 
materials that could be modeled with a more accurate plasticity law.  Lastly, the 
feed boundary condition could be adjusted to match a more appropriate 
depiction of the screw feed, such as a periodic pressure along the feed surface. 
A major model extension that requires a revisit is the execution of a 
cohesion law for MPFEM roll compaction.  Cohesion is an important factor in the 
roll compaction process that influences the mechanical behavior down to the 
particulate scale.  However, implementation in Abaqus for two dimensional 
discrete simulations is not easily achieved and could not be successfully 
performed.  An attempt was also carried out in three dimensional space where 
thin cylinders acted as the circular particles.  This effort was unsuccessful due to 
several numerical issues concerning the damage evolution and cohesion laws, 
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and so full cohesion was tried.  Full cohesion is executed through the no 
separation condition imposed on contact pairs in 2D.  Although the full cohesive 
model simulated for some amount of time, numerical problems developed very 
quickly and ended the analysis.  Thus, the exploration into a working cohesion 
model is a topic for future work and a very important subject for roll compaction.  
If using Abaqus, a recommendation would be to implement cohesion through a 
user defined subroutine. 
Some results of the roll compaction process were achieved in a 
preliminary fashion and not presented in the current work.  These investigations 
included illustrating the determination of the nip angle (velocity profile 
tangential to the roll), pressure and shear stress distribution along the roll, 
equivalent plastic strain analysis, and the calculation of coordination number 
and contact area for each particle.  In addition, a direct comparison between roll 
compaction and die compaction in MPFEM is of great interest.  These topics are 
all subjects of future work and can provide excellent insight into the roll 
compaction process.  
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